Introduction
Productivity is a key ecological variable for forest management and also highly relevant to understand carbon cycling in forest ecosystems. Ground-based measurements and observations from remote sensing have indicated shifts in forest productivity in past decades (e.g. Boisvenue and Running 2006; Kahle et al. 2008; Kauppi et al. 1992; Myneni et al. 1997; Nemani et al. 2003; Spiecker et al. 1996) . In Europe, not only climate change, increasing atmospheric carbon dioxide concentrations [CO 2 ], and nitrogen deposition but also land use changes and recovery from past management combined with novel management practices have been highlighted as possible causes (Boisvenue and Running 2006; de Vries et al. 2006; Spiecker et al. 1996; Solberg et al. 2009 ).
Forest management has to adapt to changing environmental conditions to ensure the functions and services forest ecosystems provide to society. Therefore, knowing if, where and with which magnitude past productivity changes will continue or reverse is crucial. Process-based models (PBMs) describe changes in responses to environmental variables based on plant physiology and are thus suitable tools to simulate climate change impacts on forests and to assess adaptive forest management strategies (Chmura et al. 2011; Fontes et al. 2010) . Stand-level PBMs simulate processes for typical forest stands and provide detailed physiological and structural output. They require detailed input data for stand and site initialization (Fontes et al. 2010 ) and for speciesspecific parameters, which are derived from physiological measurements (Landsberg 2003) . Thus, they represent local physiological-based responses to environmental change and only seldom integrate processes that occur at the landscape scale such as disturbances (Seidl et al. 2011) .
Even without considering disturbances, projections of future forest productivity changes are associated with several types of uncertainties. These uncertainties result from uncertainties in climate change scenarios, model parameters, and model structure. Climate change scenario uncertainty is a combination of uncertainties in projections of future greenhouse gas emissions (and the resulting climate change) and the different climate change trajectories simulated by different climate models using the same forcing. In the case of forest modelling, this is essentially a model input uncertainty. An example for model structural uncertainty is the increasing evidence that effects of carbon dioxide (CO 2 ) which are commonly integrated into PBMs are rather a transient phenomenon at the tree and forest stand level. After an initial increase, productivity becomes limited by other factors such as nutrient availability and plants acclimate to elevated [CO 2 ] (Körner et al. 2005; Norby et al. 2010) . However, there is no full explanation of these effects yet and model formulations accounting for these feedbacks are lacking.
The objective of this paper is to project forest productivity changes at a large number of sites in Europe with one single stand-scale PBM using an ensemble of climate change scenarios and accounting for uncertainties regarding the persistence of CO 2 effects. We use international and newly available databases (e.g. ICP Forests Network (de Vries et al. 2003) and European Soil Database (ESBN 2004) ) that provide crucial information for studies simulating forest productivity under changing environmental conditions . Furthermore, to account for the uncertainty arising from climate change models as important inputs of forest modelling, we rely on several climate change scenarios from different regional climate models. This approach allows for an identification of expected changes in and uncertainties of forest productivity for the three most important European tree species (Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies L. Karst.), European beech (Fagus sylvatica L.), and a generic oak representing Sessile and Pedunculate oak (Quercus petraea Liebl. and Quercus robur L.) in ten environmental zones in Europe as defined by Metzger et al. (2005) . There have already been several studies of future forest productivity in Europe (e.g. Kahle et al. 2008; Kellomäki and Leinonen 2005; Morales et al. 2007; Wamelink et al. 2009 ), but our methodology complements them in a number of ways: we use a large number of typical, existing forest stands which have a defined age, density, site, and climate and represent the current species composition. We also simulate tree species rather than plant functional types and apply the same model all over Europe which is not common for stand-scale PBMs (e.g. Kellomäki and Leinonen 2005) . Finally, we explicitly consider uncertainties of CO 2 effects on forest productivity by incorporating different assumptions about the persistence of CO 2 effects in our simulations and we do not rely on a single climate change scenario but rather several scenarios.
It is important to note that our analysis does not cover Mediterranean tree species but is restricted to boreal and temperate species that occur in the Mediterranean in higher altitudes. Furthermore we only describe the physiological responses to global change and although considering managed forests, we do not include management or disturbances. Additionally, our typical stands are simulated for 30 years under a broad range of climatic conditions in different future time periods. This approach decouples our stands from concrete temporal predictions but allows us to control long-term ontogenetic effects and to investigate the reaction of European forests to environmental change as if these would maintain their present distribution and ontongenetic stage. All these points highlight that our analysis does not intend to present predictions of the productivity of Europe's forests but rather projections of possible future productivity changes valid under the assumptions made in the modelling chain presented here.
Material and methods

The model 4C
The model 4C (Forest Ecosystems in a Changing Environment) has been developed to describe forest behaviour under changing environmental conditions (Bugmann et al. 1997; Lasch et al. 2005) . It describes processes on tree-and stand-level based on findings from eco-physiological experiments, longterm observations, and physiological modelling. The model includes descriptions of tree species composition, forest structure, leaf area index as well as ecosystem carbon and water balances. Establishment, growth, and mortality of tree cohorts are explicitly modelled on a patch on which horizontal homogeneity is assumed. The soil sub-model describes temperature, and water, carbon and nitrogen dynamics in different soil layers. 4C requires daily meteorological variables, annual [CO 2 ] as well as a soil and a forest stand description. Currently 4C is parameterized for 11 tree species, particularly the most abundant tree species of Central Europe, European beech, Norway spruce, Scots pine, Pedunculate and Sessile oak. The latter two are not differentiated in this study but considered as a generic oak parameterization.
The effects of changing environmental conditions are captured in 4C in the following ways. Elevated [CO 2 ] affects productivity in two ways: (1) it increases the internal partial pressure of CO 2 which increases light-use efficiency and gross assimilation and (2) it reduces stomatal conductance and the potential transpiration water demand and hence increases wateruse efficiency. There is however no downregulation of photosynthesis under elevated [CO 2 ]. Water stress (described in more detail in Reyer et al. (2010) ) and nitrogen limitations directly reduce assimilation but do not directly interact with CO 2 in the photosynthesis model. However, CO 2 and the water budget are closely related through stomatal conductance since higher [CO 2 ] directly reduces stomatal conductance which reduces water demand and hence lessens water stress. Temperature affects productivity in several ways: there are effects on photosynthesis, respiration, phenology and growing season length, evapotranspiration which determines water demand and thus drought stress, and mineralization/decomposition and hence nutrient availability. Precipitation modestly determines the soil water content and hence the water available for uptake by the trees. It is important to note that 4C is not dynamically linked to other climate change-related disturbances such as insects or storm damage. Thus, 4C satisfies the criteria that Medlyn et al. (2011) defined to assess the suitability of models to address climate change effects on forest productivity to varying degree. If the effects of CO 2 and of climate change-related disturbances are properly discussed, it can be used for studying climate change impacts in forest productivity.
A more detailed description of 4C can be found in the Electronic supplementary material (ESM) 1. In the framework of this study, the different model processes have been validated at nine stands across Europe with detailed measurements from different sources. For a detailed description of the validation concept, data and results see the ESM 8.
Data
Stand data
The stand data used to initialize 4C stems from several sources. The largest part consists of individual tree data derived from the Level-II plots of the 'Pan-European Programme for Intensive and Continuous Monitoring of Forest Ecosystems' database (hereafter referred to as Level-II database) which represents typical forest stands in most European countries (de Vries et al. 2003) and is unique in spatial coverage. Additional sites that were added especially for model validation purposes were taken from a range of sources presented in Table 4 in the ESM. We focused on important tree species in Europe, namely Scots pine, Norway spruce, European beech and a generic oak (Sessile and Pedunculate oak). The latter two species were not distinguished in this study. Within the Level-II database we selected a large number of sites for which sufficient data was available to initialize 4C to cover most of Europe's growing conditions (for further information on site selection see Fig. 1 in the ESM). The final number of sites was 132 (Table 1 in the ESM) and covers the age, soil, and geographic distribution as well as the management history of European forests as far as data was available and as far as the Level-II database is considered to represent typical forests. Our selection does not represent the area or importance of a species in the individual countries. The 132 sites fell into 10 environmental zones as defined by Metzger et al. (2005) (Table 1) . Lautenschläger et al. (2009a, b, c, d, e, f) . The choice of GCM/RCM combination was motivated by capturing a broad range of possible future climates. Over all the plots analyzed here, CCLM/ECHAM5 and HIRHAM3/Arpège project a more moderate warming than HadRM3/HadCM3 (see Table 2 ). CCLM/ECHAM5 also projects increases in annual precipitation sum while changes in annual precipitation sum are very small in HadRM3/HadCM3 and negative in HIRHAM3/Arpège. Furthermore, the RCMs differ in the seasonal distribution of the climatic variables (Déqué et al. 2007; van der Linden and Mitchell 2009 ) but this has not been assessed in this study. For each RCM/GCM combination one realization for the period 1971-2000 was available for the past climate and one for the period 2001-2090 for the future climate according to the SRES CO 2 emission scenario A1B (Nakicenovic et al. 2000) . The A1B scenario storyline represents more or less a business as usual continuation of CO 2 emissions. For CCLM, we also used a second realization for the period 1971-2000 and a corresponding second realization of the A1B run as well as two realizations of the SRES CO 2 emission scenario B1 (Nakicenovic et al. 2000) also for the period 2001-2090. The B1 scenario storyline projects less CO 2 emissions than the A1B scenario. This resulted in four realizations of three RCM/GCM combinations for A1B and two realizations of one RCM/GCM combination for B1 ( Fig. 2 in the ESM). For the data from the ENSEMBLES database, no B1-runs were available and also no realizations in the sense of the CCLM realizations. The use of different realizations refers to different starting points of the models in the decadal oscillation (For more information see the ESM 4). The combination of different GCM/RCM combinations, realizations and emission scenarios allows us to consider the effects of input uncertainty arising from climate models related to inter-model variation, intra-model variation and socioeconomic development respectively.
Since the RCMs do not always fit observed data (e.g. Hollweg et al. (2008) noted that generally summers are too cold and precipitation is too high in the baseline CCLM runs), we corrected mean temperature and precipitation with data from a measured dataset (CRUPIK) for absolute and relative model bias respectively (ESM 5). The mean temperature of this dataset is a version of the CRU dataset (New et al. 1999; New et al. 2000; Mitchell and Jones 2005) corrected and homogenized at PIK (Österle et al. 2003) . The precipitation dataset is a version of the Global Precipitation Climatology Centre (Fuchs 2008; Rudolf and Scheider 2005; Rudolf et al. 2010; Scheider et al. 2008) corrected and homogenized at PIK (Österle, personal communication) .
This climate data were downscaled to the location of the 132 plots. To account for altitudinal dependencies of the climatic variables, we used information from a digital elevation model of the Global Land Cover Facility (USGS 2004) and external-drift-Kriging (Deutsch and Journel 1992) . Wind speed did not show any height dependency and was interpolated using ordinary kriging (Deutsch and Journel 1992) . After the interpolation, the data were checked for plausibility since the bias correction as well as the interpolation can introduce physically implausible values of daily weather. For example, the bias correction for precipitation using the relative model bias can lead to very high daily precipitation sums if the value to be corrected in the future is very different from the values used to derive the monthly correction factor (see ESM 5). Basically, this refers to daily extreme values or weather conditions which are at odds with long-term climatic conditions. These values were not deleted or replaced but reduced to physically plausible values.
Once the climate data were bias-corrected and downscaled, we generated a set of climate change scenarios for each site: each of the six realizations was dissected into three time slices of future time periods (P1=2001-2030, P2=2031-2060, and P3=2061-2090) yielding 18 different climate change scenarios. The time slices represent physically realistic combinations of temperature and precipitation and are treated as independent climate change scenarios. An aggregated analysis of the projected climate change for the 10 study regions can be found in Table 2 and Table 2 
Soil data
The 4C soil submodel requires information about soil physical and chemical properties such as soil texture, bulk density, pH values and carbon and nitrogen content for different Table 2 Change in mean annual temperature (T in degrees Celsius) and mean annual precipitation sum (P in percent) relative to the baseline climate of the period 1971-2000 simulated by each model per environmental zone (Metzger et al. 2005 ) (for abbreviations, see Table 1 ) and for all studied plots across Europe ('all plots') and each RCM/GCM combination (CCLM/ECHAM5 (CCLM), HadRM3/HadCM3 (HAD) and HIRHAM3/Arpège (HIR)), CO 2 emission scenario (A1B or B1), realization (R1 or R2) and time slice (Base=1971-2000 (Base=1971- , P1=2001-2030 (Base=1971- , P2=2031-2060 (Base=1971- , and P3=2061-2090 (Fig. 1) . The median of the NPP change ranges between 0.6 and 1.2 Mg C ha −1 year −1 in the different regions.
There seems to be a peak of NPP increase in central European environmental zones but the difference in NPP change in between groups is not very large. The variation of the NPP changes at the stand-level as expressed by the standard deviation across the different scenarios, time slices and RCMs is quite large (Fig. 2) . This translates into large variations of NPP change at the regional level and the changes in NPP encountered in individual regions span a range of about 2 to 4 Mg C ha −1 year −1 without considering outliers (Fig. 1) .
Assuming an acclimation of photosynthesis to [CO 2 ], the changes in NPP are much smaller, span a range of about 1 to 3.4 Mg C ha −1 year −1 without considering outliers and turn negative for some scenarios in all environmental zones (Fig. 1) . The median of the NPP change ranges between −0.3 and 0.3 Mg C ha −1 year −1 . There is a tendency towards decreasing NPP changes from north to south (Fig. 1) . The variation of the changes in NPP across the different scenarios at the stand-level is mostly lower than in the case of persistent CO 2 effects (Fig. 2) . This translates into lower variations in NPP change at the regional level although it is notable that there are many positive and negative outliers (Fig. 1) . These regional patterns of higher NPP change and increasing variability under persistent CO 2 effects are consistent with the results of the individually simulated forest stands over Europe (Fig. 2) . Over the three future time slices considered, NPP increases from the first to the third time slice in most environmental zones under persistent CO 2 effects (Table 3) . Only in few cases in the Mediterranean Mountains and in Lusitania, the NPP is lower in the third time slice compared with the second or in the second lower compared with the first. Under an acclimation of photosynthesis to [CO 2 ], the temporal patterns of NPP change are more diverse (Table 3 ). In environmental zones located in higher latitudes and altitudes (ALN, ALS, BOR, and NEM), NPP increases from the first to the third time slice of most climate change scenarios. In contrast, NPP decreases from the first to the third time slice of most climate change scenarios in the southwestern and southeastern environmental zones (LUS, MDM, and PAN). In the Atlantic and Continental environmental zones (ATC, ATN, and CON), the changes in NPP are less consistent and do not show clear increasing or decreasing trends over the three time slices. More information on changes in NPP in the individual time slices, RCM/GCM combinations, realizations and assumptions on [CO 2 ] is presented in Figs. 14, 15, 16, 17, 18, and 19 in the ESM. Furthermore, Table 3 shows that the effect of the CO 2 emission scenario on NPP change is lower than the choice of the RCM/GCM combination. For example, the NPP change ranges from −0.04 to 0.25 Mg C ha −1 year −1 over the CCLM A1B and B1 scenario runs with an acclimation of photosynthesis to [CO 2 ] in the Boreal environmental zone, while it ranges from −0.02 to 1.08°Mg C ha −1 year −1 over the A1B scenario runs only but of the three RCMs. 
NPP changes at the species level
At the species level, the differentiation is also strongest between persistent CO 2 effects and an acclimation of photosynthesis to [CO 2 ] (Fig. 3) . Without considering outliers, the change in NPP ranges from 0 to 4 Mg C ha −1 year −1 for 
Discussion
This paper shows that for the forest stands and climate change scenarios chosen, forest productivity in Europe is likely to change under climate change but that the exact amount and partly even the direction of this change depends very much on the choice of the climate change scenario (hence the severity and pace of climate change) and on the persistence of CO 2 effects on forest productivity. There have already been a considerable number of model studies investigating forest productivity changes under climate change at the forest stand scale (e.g. review by Reyer et al. 2012 ). The present study complements other European studies in many important aspects: We use typical, existing forest stands which have a defined age, density, site and climate and represent the current species composition as driven by past forest management rather than the potential natural vegetation. We also simulate tree species rather than plant functional types which is usually done in applications at such a large scale (e.g. by Morales et al. 2007 ). Furthermore, we apply the same model all over Europe, for a large number of stands and for several tree species, which is not common for stand-scale PBMs (e.g. Kellomäki and Leinonen 2005) . Additionally, our results are regionalized using detailed environmental zones according to Metzger et al. (2005) . Finally, we explicitly consider uncertainties of CO 2 effects on forest productivity by simulating persistent CO 2 effects and an acclimation of photosynthesis to [CO 2 ] which embraces the upper and lower range of the physiological response to [CO 2 ] respectively (Ainsworth and Long 2005; Pinkard et al. 2010) . The most closely related study to date has been carried out by Wamelink et al. (2009) which used a similar set of forest stands. However, also in comparison with this study there are several important methodological differences: Firstly, we use a mechanistic formulation of photosynthesis at a weekly resolution to calculate NPP and not annual scaling factors which allows us to include [CO 2 ] and water limitation effects on weekly photosynthesis. Fig. 3 Change in net primary productivity (NPP; in megagrams C per hectare per year) for each tree species in each environmental zone (Metzger et al. 2005 ) (for abbreviations, see Table 1 ) over all climate change scenarios for simulations with acclimation of photosynthesis to [CO 2 ] and persistent CO 2 effects. Boxplots defined as in Fig. 1 Secondly, our approach includes effects of climate change on growing season length and hence of feedbacks such as a longer growing season inducing a longer period of carbon assimilation and exposure to increasing concentrations of [CO 2 ] leading to higher productivity but also to higher risk of soil water depletion already comparably early in the vegetation period and subsequent productivity losses. Thirdly, we did not calibrate 4C on biomass or any other data from the Level-II database. Fourthly, we use several climate change scenarios to assess climate change scenario uncertainties. The climate change scenarios were generated by three different RCMs and then bias corrected for temperature and precipitation and interpolated to the sites. This shows that our study is unique in its approach. Despite these methodological differences, it is valuable to compare our results with other studies to assess if our study corroborates or contradicts earlier efforts.
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NPP changes in Europe
Wamelink et al. (2009) analyzed the change in carbon sequestration under the A2 CO 2 emission scenario until 2070 on a similar set of Level-II sites and found a comparable pattern of increasing productivity in the north and potentially decreasing productivity in the south. In their analysis, the importance of a changing climate was however larger and the importance of CO 2 effects lower probably since they used the A2 CO 2 emission scenario which features stronger changes in climate but also due to their different formulation of CO 2 effects on productivity (see "Discussion" above). Although studying slightly different time periods, regions, and climate change scenarios, Morales et al. (2007) found similar magnitudes of NPP change and similar regional pattern as this study. They also identified Southwestern Europe as the most sensitive region, while NPP changes were positive in Northern Europe and in the Alps. Qualitatively, our results are also comparable to those of model studies using even more different datasets and modelling approaches (e.g. Eggers et al. 2008; Milne and van Oijen 2005 ). Although our model study is methodologically very different from the past data-driven analysis, it is interesting to consider whether our results are in line with evidence from data-driven analyses. Our results show that changes in productivity observed in the past are likely to continue. A review by Boisvenue and Running (2006) found that several studies show increasing productivity in temperate and boreal Europe. Vayreda et al. (2012) found that the northern/ northwestern mountain areas of the Iberian Peninsula which are dominated by boreal and temperate tree species at the edge of their distribution range are already showing negative effects of warmer temperatures. Our results project these trends to continue although their magnitude depends strongly on the persistence of CO 2 effects.
The changes in productivity we simulated are related to a number of processes in 4C (see "The model 4C") and depend on the regional variations in current and future climate. Generally, the higher the mean annual temperature, the higher also the risk of negative productivity changes occur with climate change (Table 3; Table 2 in the ESM). Furthermore, the RCMs differ in the seasonal variation in climate change (Déqué et al. 2007; van der Linden and Mitchell 2009 ), an effect not assessed in this study. Moreover, there are regional variations in the magnitude of climate change (Table 2) . For example, the plots we simulated in the Mediterranean Mountains were in many scenarios also facing the strongest increase in temperature combined with decreasing precipitation (Table 2 ). These issues partly explain the variation in our results in between the different sites and environmental zones. However, these results are also partly determined by the soil and stand structure prevalent at any site. Therefore, analysis of the interactions between soil properties, stand attributes and also seasonal distributions of climate would require detailed site-level analyses.
NPP changes at the species level
At first sight, the good performance of Norway spruce in terms of projected NPP changes in this study seems to partly contradict concerns about Norway spruce's vulnerability to climate change. Despite past productivity increases in Norway spruce (Kahle et al. 2008) other studies highlight the strong sensitivity of Norway spruce to climate change in Central Europe (e.g. Kölling et al. 2009 ). In our study, this is however a matter of plot selection. Five of the selected Norway spruce plots feature a mean annual temperature above 8°C and an annual precipitation sum lower than 800 mm in the period 1971-2000 (a threshold considered by Kölling et al. (2009) to indicate warm-dry Norway spruce forests which are especially vulnerable). For these plots, the 4C simulations actually show decreasing productivity in most of the three climate change time slices under an acclimation of photosynthesis to [CO 2 ]-thus confirming the concerns about Norway spruce's vulnerability to climate change. Many of the remaining Norway spruce stands are located in Northern Europe, where growing conditions are more favourable for Norway spruce. Although Scots pine is generally considered more robust against a changing climate than Norway spruce there are also concerns about Scots pine decline at extreme sites and at the southern limit of its distribution (Galiano et al. 2010; Rebetez and Dobbertin 2004; Reich and Oleksyn 2008) which are also apparent in our results if the simulations under an acclimation of photosynthesis to [CO 2 ] are considered.
The stands dominated by European beech and oak in our dataset show decreasing NPP under some climate change scenarios and an acclimation of photosynthesis to [CO 2 ]. This finding is interesting since signs of beech decline in Southern Europe have already been observed (Jump et al. 2006; Piovesan et al. 2008) . However, in general European beech is considered as competitive and climate-resilient in Central Europe (Ammer et al. 2005 ) although a positive growth response depends on a multitude of environmental and site factors (Geßler et al. 2007) . Regarding the responses of oak to climate change in our dataset, it is important to note that the number of oak stands available for our analysis is considerably lower than for the other tree species and this may induce strong sensitivities of the response to extreme sites and climate.
In general, the different responses of coniferous and broadleaved species in our study are partly explained by the geographical distribution of the Level-II plots. There are more broadleaved stands located in environmental zones where climate conditions become very warm and drier while many of the coniferous stands are located in Northern Europe where conditions for forest growth even improve. This does not preclude that we find decreasing productivity for all tree species, mostly under the more severe climate change scenarios towards the end of the century and under an acclimation of photosynthesis to [CO 2 ]. Besides these general differences due to the geographic distribution and the number of plots studies per species, the responses of the individual tree species to climate change are less pronounced than recent dendrochronological analyses suggest (Bontemps et al. 2012; Kint et al. 2012) . This highlights that the species-specific parameters that determine the differences in between tree species in 4C are not sensitive enough to the differences in between the tree species at larger geographical scales such as an environmental zone or even Europe. Another important issue here is that the current species parameterization of 4C for oak does not differentiate between Q. robur and Q. petraea although these are different species with distinct ecology and distribution. The species-specific parameters of 4C do not capture all the details that are necessary to differentiate between the two closely related tree species which may blur some of the sitespecific sensitivity of the two oak species to climate change. This may positively affect the change in productivity we simulated if a species-specific oak parameterization represents oak trees better adapted to specific local conditions. However, this may also negatively simulated productivity changes if the current, generic oak parameterization actually represents a broad ecological niche that allows the generic oaks to withstand a larger range of adverse climate change effects than the narrower, species-specific parameterization. These two aspects regarding the species parameters of 4C highlight the potential for model improvement in terms of refining the species parameters.
Climate change scenario uncertainties
One important element of this study was to highlight important uncertainties of the projections of climate change impacts on forest productivity that arise from the climate models used to drive forest models. Thus, the application of several climate change scenarios from different climate models, of different realizations of the same model as well as the use of different CO 2 emission scenarios is a crucial component of our assessment since the variation in between climate models has been found to be higher than in between different CO 2 emission scenarios driving one climate model (e.g. Buisson et al. 2010) . Our results confirm the findings of Morales et al. (2007) that the effects of using different climate models are more important than the choice of the CO 2 emission scenario, hence that the effect of inter-model variation of the climate models is large. Our results also show that different realizations of the same emission scenario and the same GCM/RCM combination (in this case, CCLM/ECHAM5) can lead to responses of forest productivity that may be stronger than the difference between emission scenarios, hence that the effect of intramodel variation of the climate models is large. This is because the different realizations differ more in the projected climate change than the different emission scenarios, especially for the coming decades (Table 2) , where the difference in between [CO 2 ] which is driving climate change is not that big in the emission scenarios. These results emphasizes the importance to rely on scenarios of several climate models and different realizations of the same scenario if available to provide a more complete picture of plausible future changes in forest productivity. However, it would also be crucial to include more drastic climate change scenarios following the newly developed RCP 8.5 (Moss et al. 2010 ) since thus far CO 2 emissions seem to continue unabated (Monastersky 2013 ).
Persistence of CO 2 effects
While we did not consider model parameter uncertainty in this study, we stress one crucial element of model structural uncertainty throughout our study: the effect of CO 2 . Persistent CO 2 effects enhance productivity through CO 2 fertilization and increasing water-use efficiency (Körner 2006) . In 4C, the CO 2 effects on photosynthesis are modelled according to a modified version of Haxeltine and Prentice's (1996) photosynthesis model which captures the direct effects of CO 2 on photosynthesis at the leaf level and the indirect effects on stomatal conductance and water-use efficiency. There is however uncertainty about the long-term persistence of these effects depending on several factors such as site quality, forest development stage and interactions with nitrogen deposition and their implications for forest growth at the forest stand scale (Körner et al. 2005; Körner 2006; Huang et al. 2007; Hyvönen et al. 2007; Norby et al. 2010; Peñuelas et al. 2011) . For the twentieth century, using a similar modeling approach Bellassen et al. (2011) find a very strong importance of [CO 2 ] as driver of increasing forest productivity followed by climate, while the forest age structure contributed only to a much smaller extent. Keenan et al. (2011) also found strong differences between driving a PBM with persistent CO 2 effects or an acclimation of photosynthesis to [CO 2 ]. This pattern is also obvious for the forests stands in our model simulations. Negative effects of climate change on productivity are almost entirely overruled under persistent CO 2 effects. This leads to an increasing divergence of productivity changes throughout the twenty-first century: Under persistent CO 2 effects, productivity increases more towards the end of the century, while under an acclimation of photosynthesis to [CO 2 ], productivity decreases more towards the end of the century (see also Figs. 14, 15, 16, 17, 18, and 19 in the ESM). This pattern is consistent throughout most of Europe, besides at some sites in Southern Europe with strongly decreasing precipitation. For these sites, decreasing productivity under climate change is likely. Furthermore, the CO 2 effects level out geographic differences in NPP changes, an effect also emphasized by Bellassen et al. (2011) (Norby et al. 2010) are not covered by 4C. Since leaves decompose more rapidly than other organs in 4C, a change in allocation of nitrogen could induce limitations of CO 2 effects as observed in experiments (Norby et al. 2010 ). Effects of elevated [CO 2 ] on the allocation of NPP are also not covered by 4C although these may feedback on photosynthesis in reality (Hyvönen et al. 2007 ). Moreover, [CO 2 ]-induced higher growth rates are associated with shorter life spans of trees (Bugmann and Bigler 2011; di Filippo et al. 2012 ) an effect not accounted for in 4C. Therefore, we present the range of results from our simulations using an acclimation of photosynthesis to [CO 2 ] and persistent CO 2 effects as a range of possible developments of forest productivity. Of course, simply keeping [CO 2 ] constant as we assumed in our simulations, featuring an acclimation of photosynthesis to [CO 2 ] does not fully account for the processes involved in acclimation and downregulation of photosynthesis but it is a useful model assumption to integrate concerns about the long-term persistence of CO 2 effects on productivity.
Effects not included in this study
There are also other effects on forest productivity that have not been considered in this study. We did not include the effects of nitrogen deposition on forest productivity since although having been important in the past (de Vries et al. 2006; Solberg et al. 2009 ), the future role of nitrogen depositions is debated (Churkina et al. 2007; Kahle et al. 2008; Reay et al. 2008) . Including different assumptions about future nitrogen deposition similarly to the assumptions about [CO 2 ] included in this study would be interesting for future assessments of changing forest productivity. Also, we did not consider age-class effects and long-term forest development including regeneration and succession in our simulations but rather focused on 30-year time slices starting always with the same stand and soil conditions. This is because we suppose that the Level-II stands used here are typical for European conditions and that similar stands will exist for the next decades although not at exactly the same location. It is however important to note that this approach does not account for long-term changes such as changes in soil conditions that are in turn affected by climate change. Furthermore, this approach also precludes that our standlevel results maybe interpreted as concrete temporally explicit predictions of the forest state at each specific site, since the productivity change at each Level-II plot due to climate change will occur in concert with developmental and management changes which are not covered by our time-slice approach. We also did not include effects of ozone or of changing diffuse to direct light ratio on forest productivity since such effects are currently not implemented in 4C. Furthermore, challenges arise from applying 4C across Europe since the species-specific parameters of 4C (e.g. those influencing carbon allocation) are fixed in this study although in reality they vary across Europe (Reyer et al., in preparation) . Ultimately, it is important to note that this study only considers physiological effects of climate change and [CO 2 ] and does not include changing management practices or disturbances which are however likely to be affected by climate change and socioeconomic developments.
Implications for carbon cycling and forest management
Ultimately our results are relevant for a better assessment of both the European carbon cycle and forest management under changing environmental conditions. Although a majority of the climate change scenarios and assumptions about the persistence of CO 2 effects used here may not entail farreaching changes in forest productivity, our results show that some scenarios may lead to decreasing or increasing productivity and subsequent alterations of the carbon uptake of Europe's forests. This may strongly impact the mitigation potential but also the provision of timber and other ecosystem services of Europe's forests. Forest managers have to cope with this uncertainty and possibly adapt forest management planning by incorporating risk-spreading and adaptive management approaches.
